Purpose Aldosterone-producing adenomas with concurrent subclinical cortisol hypersecretion are reported in an increasing number of patients. Five aldosterone-producing adenomas from patients with primary aldosteronism and subclinical hypercortisolism were examined. The aims of our study were: (1) to analyze pathological features and immunohistochemical expression of CYP11B1 (11β-hydroxylase) and CYP11B2 (aldosterone synthase) in these tumors; (2) to investigate somatic mutations involved in adrenal steroid hypersecretion and/or tumor growth.
Introduction
Hogan et al. first reported a patient with primary aldosteronism and Cushing's syndrome due to an aldosteroneproducing and cortisol-producing adenoma in 1977 [1] . Subsequently, several cases of aldosterone-producing adenomas (APAs) with Cushing's syndrome have been published [2] [3] [4] . APAs with concurrent subclinical cortisol hypersecretion (SCH) are also reported in an increasing number of patients [2, [5] [6] [7] [8] [9] characterized by a high cardiovascular risk [10] , which reflects the combined damaging effects of the two steroid excess [11, 12] . In Japan, the prevalence of unilateral primary aldosteronism with concurrent subclinical hypercortisolism has been found to be 15~30% [6, 10] . Moreover, subclinical hypercortisolism in unilateral primary aldosteronism may generally be underdiagnosed due to incomplete screening, i.e., many of these patients will not undergo 1 mg dexamethasone overnight administration. Using this screening test, Piaditis et al. have reported in fact that primary aldosteronism with subtle hypercortisolism was observed in 12.1% of 83 unilateral adrenal incidentalomas [13] .
There are scarce data on the histopathological features of surgically removed APAs co-secreting cortisol at subclinical level. Furthermore, recent discovery of somatic mutations in genes regulating Ca 2+ homeostasis (KCN5J, ATP1A1, ATP2B3, CACNA1D) [14] or beta-catenin (CTNNB1) in APA [15] [16] [17] , or in genes involved in protein kinase A (PKA) catalytic subunit (PRKACA) in cortisol-producing adenomas [18, 19] , have opened new insights on the molecular mechanisms that control autonomous corticosteroid synthesis. Few reports are available on the presence these mutations in tumors co-secreting aldosterone and cortisol [20] .
The aims of our study were: (1) to analyze pathological features and immunohistochemical expression of CYP11B1 (11β-hydroxylase) and CYP11B2 (aldosterone synthase) in a retrospective series of adenomas removed from patients with concurrent unilateral primary aldosteronism and subclinical hypercortisolism; (2) to investigate somatic mutations involved in adrenal steroid hypersecretion and/or tumor growth. This study includes two patients previously reported by Fallo et al. [5] and by Rhayem et al. [21] .
Methods

Patients and clinical annotations
Adrenal glands included in the study were removed from 5 patients (3 females and 2 males, age range 43-72 years) affected by unilateral primary aldosteronism without any signs or symptoms of cortisol excess, all studied and diagnosed at our institutions (case 1, 2, and 3 at the University Hospital of Munich, Germany, case 4 at the University Hospital of Bologna, Italy, and case 5 at University Hospital of Padova, Italy, respectively). Informed consent was obtained from all individual participants to the study, which was approved by local Ethics Committees. Patients were diagnosed with primary aldosteronism according to institutional and Endocrine Society clinical practice guidelines [5, 21, 22] . In Italy, patients for primary aldosteronism were screened using the aldosterone/plasma renin activity (PRA) ratio: the cutoff level for a positive ratio was 1000 (aldosterone in pmol/L and PRA in 1.5-5.2 ng/ml per h) together with a aldosterone levels greater than 416.6 pmol/ L. In Germany, patients were screened using the aldosterone/direct renin concentration (DRC) ratio: the cutoff level for a positive ratio was 27 (aldosterone in pmol/L and DRC in mU/L). The confirmatory test was an intravenous saline load (2 L of 0.9% NaCl infused over 4 h) that was considered positive if post-test aldosterone levels were >138.8 pmol/L. All patients with confirmed primary aldosteronism underwent an adrenal computed tomography scan with fine cuts (2.5-3 mm). In three of the 5 patients, an adrenal venous sampling (AVS) was performed to differentiate between unilateral and bilateral aldosterone hypersecretion. AVS was performed with each adrenal vein cannulated sequentially (left before right) and without adrenocorticotropic hormone (ACTH) stimulation. Since unilateral cortisol overproduction and contralateral suppression coupled with a higher peripheral cortisol level would limit its usefulness for assessing cannulation success in patients with concomitant APA and SCH (selectivity index) [23, 24] , successful cannulation of the adrenal veins was assessed by an adrenal/peripheral venous aldosterone gradient Similarly, since lateralization ratio (lateralization index) would not be accurate, the absolute value of plasma aldosterone levels was employed for diagnostic criteria of laterality for aldosterone hypersecretion [8] . The presence of the syndrome of glucocorticoid-remediable aldosteronism was excluded by the long polymerase chain reaction test [25] .
Several days before testing for differential diagnosis of primary aldosteronism subtype, all patients were given 1 mg overnight dexamethasone as a screening suppression test for subclinical hypercortisolism [26] . In the case of failure to suppress plasma cortisol to less than 50 nmol/L, plasma ACTH and urinary cortisol were measured. Subclinical hypercortisolism was defined as the combination of postdex cortisol equal to or more than 50 nmol/L and at least one of two other abnormal hormonal parameters, that is, ACTH less than 2 pmol/L and urinary cortisol more than 694 nmol/24 h.
Baseline clinical and biochemical characteristics of the patients included in the study are summarized in Table 1 . Supplemental Table 1 details adrenal vein and peripheral aldosterone and cortisol data of the 3 patients who undergo AVS.
Hormone assays
Blood samples were taken at 08:00-09:00 h, after overnight fasting. Plasma aldosterone concentrations were measured using commercial RIAs (in Italy from Sorin Biomedical Diagnostics, Saluggia [27] and in Germany from Siemens (Coat-a-count), Los Angeles, CA, USA [21] ; normal range (upright) is 138-969 pmol/L. In the two patients form Italy, PRA was determined by radioimmunoassay with kits purchased from Sorin Biomedical Diagnostics, Saluggia, Italy: [27] : normal range (upright) is 1.5-5.2 ng/mL per h. In the three patients from Germany, direct plasma DRC levels were measured with a chemiluminescent immunometric method (LIASON Direct Renin, DiaSorin, Dietzenbach, Germany) applied to a fully automated analyzer [28] ; normal range (upright) is 4.4-46 mU/L. Plasma ACTH was measured by competitive chemiluminescent enzyme immunoassay (IMMULITE 2000 systems; Siemens Healthcare Diagnostics Inc., Muenchen, Germany); normal range at 08:00 h, 2-10 pmol/L. Plasma and 24-h urinary cortisol were measured by an automated chemiluminescence assay (IMMULITE 2000, Liaison, Diasorin, Italy). Normal range for plasma cortisol at 08:00 h is 138-690 nmol/L and normal range for urine cortisol is 90-694 nmol/ 24 h (detection limit = 5.5 nmol/L). For hormone measurements, intra-assay and interassay coefficients of variation were less than 10%.
Adrenal tissue samples
Archival microdissected paraffin-embedded slides of from the patients were used for histological examinations and molecular studies. All adrenal tissue specimens have been handled according to the standards of the Royal College of Pathologists [29] .
Pathological analysis
Histological examination of APA tissues was performed by an experienced pathologist (I.C.). All adrenal glands included in the study were paraffin embedded, cut into 3 μm thick slices and stained with H&E.
Cellular composition was determined by examining for known features of zona fasciculata (ZF), i.e., large, lipidladen clear cells, with round to oval vesicular nuclei, zona glomerulosa (ZG), i.e., small, compact cells, with high nuclear/cytoplasmic ratio and moderate amount of lipid, and zona reticularis, i.e., lipid-sparse cytoplasm, compact cells [30, 31] . The tumors were classified as ZF-like when the percentage of large vacuolated cells was greater than 50%, and ZG-type when the percentage of ZF-like cells was <50% and ZG-like cells were the most prominent cell type. Microscopical examination of tissue adjacent to the tumor in cases 1-4 was not available.
Immunohistochemical procedure
Immunohistochemistry was performed using the following primary antibodies: rat monoclonal anti-human CYP11B1-80-7 (11β-hydroxylase) and mouse monoclonal anti-human CYP11B2-41-17 (aldosterone synthase) [32] . For both protocols, sections of 3 μm thickness from paraffinembedded adrenal tissue were incubated with H 2 O 2 , and pre-treated with EDTA 0.1 mM (pH 8) for 40 minutes at 98°C for antigen retrieval. Subsequently, to detect CYP11B1 expression, after endogenous biotin blocking by sequential avidin-biotin treatment, the slides were incubated overnight at 4°C with the primary antibody diluted 1:100. After rinsing in PBS, slides were treated with biotinylated secondary antibody goat anti-rat (STARD131, AbD Serotec, diluted 1:300) for 30 min, followed by the incubation with Streptavidin-HRP (Millipore) for 15 min. To detect aldosterone synthase, after antigen retrieval, slides were incubated with anti-CYP11B2 (1:1000) over-night at 4°C. After rinsing in PBS, the EnVision reagent (Dako, Carpinteria, CA, USA) coupled with peroxidase-labeled polymer was incubated as secondary antibody for 30 min. The proteins were visualized with 3,3′-diaminobenzidine tetrahydrochloride and counterstained with hematoxylin. Immunoreactivity for CYP11B and CYP11B2 was assessed semiquantitatively by the McCarty H-score (ranging from 0 to 300), with all tumors examined under a ×20 objective. In each field the percentage of immunopositive cells was assessed and then multiplied by a factor (from 0 to 3) according to the intensity of the immunopositivity [33] . The relative immunointensity of specific immunoreactivity was characterized as not present (0), weak but detectable above control (1 +); distinct (2 +); very strong (3 +) [34] .
CYP17A1 (17α-hydroxylase) immunohistochemistry was also performed in all cases. The details of the rabbit polyclonal antibody against cytochrome P450 17A1 have been previously reported [35] . Briefly, sections were antigen-retrieved with an autoclave (5 min in citric acid buffer, pH 6.0), and treated with a blocking reagent (Histofine, Nichirei, Tokyo, Japan) for 30 min at room temperature. Sections were incubated with αCYP17A1 (1:500) overnight at 4°C. Immunoreactivity was visualized with 3,3′-diaminobenzidine (DAB; brown staining) with a peroxidase-based Histofine Simple Stain Kit (Nichirei, Tokyo, Japan) and counterstained with hematoxylin.
Adrenal tissue of case 5 was stained with Melan-A/ MART-1 mouse monoclonal antibody (Ab-4, clone A103, Thermo Scientific, Monza, Italy, diluted 1:200) and with Synaptophysin monoclonal mouse antibody (clone DAK-SYNAP, Dako, Carpinteria, CA, USA, diluted 1:400).
DNA sequencing of KCNJ5, ATP1A1, ATP2B3, CACNA1D, PRKACA, and CTNNB1 DNA fragments from the tumors were sequenced for KCNJ5, ATP1A1, ATP2B3, CACNA1D, PRKACA, and CTNNB1 by PCR amplification, using primers reported previously [21, [36] [37] [38] . Hot spot regions for mutations in KCNJ5, ATP1A1, ATP2B3, CACNA1D, PRKACA, and CTNNB1 were sequenced in all five APAs included in the study.
Results
Study cases
All patients showed improvement in their hypertensive status, based on lowered blood pressure after surgery and decreased number of antihypertensive medications, as well as normalization of hormonal and biochemical parameters at 3-5 years follow-up (median 32 months) after unilateral adrenalectomy (Table 2) . 
Pathological, immunohistochemical and genetic findings
Histopathological and genetic findings in the adrenal tissue of our 5 patients with APAs and concurrent SCH are summarized in Table 3 . The cut surface was yellowish in all tumors, with no necrosis or hemorrhagic areas. Microscopically, all criteria for adrenocortical adenoma were fulfilled (Fig. 1) . Four adenomas showed a predominant (≥50%) ZF-like cell pattern: one tumor (case 1) had CYP11B1 H-score = 150, no detectable CYP11B2 expression, and harbored a PRKACA p.Leu206Arg mutation, one (case 2) had no CYP11B1 expression, CYP11B2 H-score = 40, and no mutations; the remaining two adenomas (case 4 and 5) had high CYP11B1 H-score (160 and 240, respectively) and low CYP11B2 H-score (30 and 15, respectively), with the latter harboring a CTNNB1 (β-catenin) p.Ser45Phe activating mutation. One of the five APAs had a predominant ZG-like pattern (case 3), CYP11B1 H-score = 15, CYP11B2 H-score = 180, and no mutations. Immunohistochemical expression of CYP17A1 showed strong positivity in 4 out of five examined, and a weak positivity in one case (case 3) (Supplemental Fig. 1 ). Case 5 showed a main nodule with multiple adjacent micronodules. Melan-A staining was negative in adenoma and in peri-adenoma adrenocortical tissue; synaptophysin staining was weakly positive in adenoma and negative in peri-adenoma tissue (Supplemental Fig. 2 ). [4] did not report any difference between CYP11B1 and CYP11B2 mRNA levels from two cases of APAs in patients with subclinical hypercortisolism and those pure APAs. Recent availability of specific antibodies that selective detect CYP11B1 and CYP11B2 has allowed their more precise localization in normal and pathological adrenals, with the existence of variable patterns [32] . Furthermore, a simple semiquantitative system such as the McCarty H-score, although described in a different setting, has been validated as the best method currently available to allow the estimation of steroidogenic enzyme activity in the objective fashion in APA tissues [35, 41, 42] . Nakamura et al. [41] reported in fact that APAs contained not only a mix of CYP11B2 and CYP11B1-positive cells but also cells expressing both CYP11B enzymes. Four of our cases of APAs with SCH were composed mainly of ZFlike cells, while CYP11B1/CYP11B2 immunostaining demonstrated clear heterogeneity. In one of our cases (case 1) with predominant ZF-like cells, CYP11B2 was not expressed in several histological sections. The same case, already reported by Rhayem at al. by using different histological sections, showed CYP11B2 expression only in very few adenoma cells [21] . Furthermore, we found high CYP11B1 expression and low CYP11B2 expression on case 5, confirming our previous findings on the same case using in-situ hybridization [5] , and in case 4. It might appear surprising that some APAs do not show or show very low CYP11B2 expression. This has been previously reported by Lenzini et al. [43] , who found 37.6% of APA with a CYP11B2 gene expression inferior to normal adrenals, by Dekkers et al. [44] , who found 9.6% APA that were CYP11B2-negative, and by Monticone et al. [42] , who found 8/71 APAs with negative CYP11B2 immunostaining. However, as APA is composed of a much larger number of aldosterone-secreting cells than the normal ZG, a high secretion of aldosterone and a negative or a low CYP11B2 expression may occur: even if the production of aldosterone per single APA cell is small, the overall aldosterone synthesis can in fact be several folds higher in an APA than in a normal adrenal gland. This concept could also be applied for the lack or low CYP11B1 expression in two of our APA cases with subclinical hypercortisolism characterized by highly predominant ZF-cells and prominent ZG-like cells, i.e., case 2 and 3, respectively. Moreover, in the same APAs the intensity of CYP11B2 expression was somewhat different. Due to lack of available pathological material allowing to perform double staining of CYP11B1 and CYP11B2 and/or to use laser capture microdissection of ZF-like/ZG-like cells [45] , it was not possible to clarify whether co-secretion of cortisol and aldosterone originated from hybrid cells or from a cell subpopulation with specific phenotype. CYP17A1 intensively stained in all but one of our cases of APAs with mild cortisol hypersecretion, confirming the active involvement of 17α-hydroxylase in early steroidogenic pathway leading to cortisol formation, as also observed in the common form of APA [39] . Interestingly, CYP17A1 staining was weak in the only APA with subclinical hypercortisolism (case 3) having predominant ZGlike cell population.
Recently, exome sequencing analyses demonstrated that 50 to 80% of APAs harbor somatic mutations in KCNJ5, ATP1A1, ATP2B3, CACNA1D, leading to an increased intracellular Ca2
+ concentration, an activation of Ca 2+ signaling, and an increase in CYP11B2 transcription [46] . Interestingly, APAs with KCNJ5 mutations have more ZFlike or mixed ZG-ZF phenotype, and heterologous expression of a KCNJ5 variant in HAC15 cells causes not only upregulation of CYP11B2 expression but also increased expression of CYP11B1 and synthesis of hybrid steroids 18-hydroxycortisol and 18-oxocortisol, as well as corticosterone [47] , raising the question whether they can produce clinically relevant amounts of glucocorticoids. Yamada et al. reported 2 female patients with APA cosecreting cortisol, without clinical signs of Cushing's syndrome, which harbored mutations in KCNJ5 [4] . Tong et al. described a patient with familial PA associated with overt Cushing's syndrome, harboring a KNCJ5 germline mutations, who had a massive bilateral hyperplasia [48] . We could not confirm the presence of KCNJ5 mutations, as well as of mutations in other genes (i.e., ATP1A1, ATP2B3, CACNA1D) involved in calcium signaling, in our series of cases. Since a higher frequency of KCNJ5 mutations in APAs (65%) as well a higher prevalence of APAs associated with mild cortisol secretion are reported in Japan, ethnicity-related difference may explain our findings. Moreover, a larger series of this type of tumors should be examined to draw any conclusion on the frequency of these mutations.
The recent discovery in cortisol-producing adenomas of somatic mutations in the gene (PRKACA) encoding the catalytic subunit of PKA, have opened a new scenario on the molecular mechanisms that control autonomous cortisol synthesis and cell proliferation, despite they remain largely unknown [49] . Beuschlein et al. identified in fact the p. Leu206Arg PRKACA variant as the most frequent somatic mutation to be found in cortisol-producing adenomas, associated with severe forms of adrenal Cushing's syndrome [50] . No PRKACA variants were found in cortisolproducing adenomas associated with subclinical Cushing's syndrome or in inactive adenomas [19, 50] . Although subclinical Cushing's syndrome has been observed in up to 21% of APA cases in some series [6] , no PRKACA mutations have been identified in APAs in two recent reports [50, 51] . We found a PRKACA p.Leu206Arg somatic mutation in one of our cases (case 1), which was the one of the two cases over a series of 122 APAs previously reported by Rhayem et al. [21] .
Activating somatic mutations of CTNNB1 gene seem also implicated in benign aldosterone-secreting and cortisolsecreting tumor growth. CTNNB1 encodes β-catenin of the Wnt/β-catenin pathway, which is known to play an important role in adrenocortical development and cancer in other organs [52] . Such mutations prevent β-catenin degradation and cause proliferation. Even though such events have been shown to trigger benign aldosteronesecreting and cortisol-secreting tumor development as well as malignancy in a mouse model and human tissue samples, the exact mechanisms underlying hormone secretion in CTNNB1 mutated tumors remain to be determined [46] . CTNNB1 mutations are able to stabilize β-catenin and increase the activity of the finely tuned Wnt signaling pathway, leading to tumor formation [53] . In fact, in APAs harboring CTNNB1 mutations, the nuclear and/or cytoplasmic accumulation of active β-catenin protein has been shown to be increased especially for female patients and he accumulation of β-catenin protein could be involved in APA proliferation and anti-apoptotic process [54] . We did observe a CTNNB1 mutation in one of our APAs with SCH (case 5) where, at variance with high CYP11B2 expression reported in APA with somatic CTNNB1 mutations [17] , the CYP11B2 expression was relatively low and CYP11B1 expression was high. Exon 3 of the CTNNB1 gene contains specific serine and threonine residues that, when phosphorylated, mark β-catenin for degradation [55] . Specifically, we found a somatic p.Ser45Phe CTNNB1 mutation, previously analyzed by Akerstrom et al. [17] , which preclude phosphorylation of β-catenin, leading to aberrant activation of Wnt signaling [56] . In this context, a common pathway of PRKACA, CTNNB1, and GNAS has been also suggested [57] , and mutations in the GNAS gene (p. Arg201Cys) in 2 of 33 APAs, both of which showing autonomous cortisol secretion, have been in fact reported [58] .
Unfortunately, no sufficient somatic and germinal DNA was available to allow sequencing of GNAS or PRKAR1A, coding for the regulatory type 1 R1A subunit of PKA, in our patients. Germline heterozygous inactivating mutations of PRKAR1A have been reported in about 45% of patients with Carney complex, and up to 80% of Carney complex patients with Cushing's syndrome due to primary pigmented nodular adrenal disease (PPNAD). Somatic inactivating mutations of PRKAR1A have been also observed in macronodules of PPNAD and in sporadic cortisol-secreting adrenal adenomas, from PPNAD to adrenocortical adenomas and cancer [59, 60] . A PRKACA copy number gain was recently found in the germline of several patients with cortisol-producing bilateral adrenal hyperplasia, whereas the somatic Leu206Arg recurrent PRKACA mutation was found in as many as half of all adrenocortical adenomas associated with ACTH-independent Cushing's syndrome [60, 61] . This could have hypothetically occurred in case 5, who presented a predominant nodule and multiple adjacent micronodules associated with somatic β-catenin mutation that may reflect a germline PRKAR1A or PRKACA defect. A PRKACA amplification within the dominant tumor and/or in surrounding micronodules, leading to cortisol oversecretion, cannot also be excluded [62, 63] . Case 5 displayed a negative staining for melan-A in both adenoma and periadenoma tissue, and a weakly positive staining for synaptophysin in adenoma and a negative staining for synaptophysin in peri-adenoma tissue, respectively. This immunostaining pattern was not consistent with that found in adrenals of patients with Cushing's syndrome due to PPNAD [64, 65] , while it has been reported in cortisolsecreting tumors or in APAs [66, 67] .
In conclusion, the majority of our APAs with concurrent SCH were composed mainly of ZF-like cells, while CYP11B1 and CYP11B2 immunostaining demonstrated clear heterogeneity. In a subset of cases, different somatic mutations may be involved in hormone excess and tumor formation.
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